1. Background {#sec72807}
=============

It is increasingly obvious that Mammalian target of rapamycin (mTOR) signaling affects most major cellular functions including autophagy. It plays an important role in regulating basic cell behaviors like growth, proliferation and apoptosis. Interestingly, dysregulation of mTOR signaling pathway occurs in many human diseases, such as cancers, obesity, type II diabetes and neurodegeneration ([@A20719R1]). Some mTOR inhibitors have been used for various malignancies ([@A20719R2]), because of their immunosuppressive properties. Rapamycin is the canonical inhibitor of the mTOR serine/threonine kinase. It was first considered an antifungal agent, but later developed as an immunosuppressant and anticancer medication. Large of evidence pointed out that rapamycin is able to activate autophagy and therefore used as an inducer in the research of autophagy ([@A20719R3]). Autophagy is an evolutionarily conserved catabolic pathway where cells deliver their own cytoplasm materials and/or organelles to lysosomes for degradation. It plays a critical role in the homeostatic process of recycling proteins and organelles, and then linked to developmental and pathological conditions ([@A20719R4]). Notably, autophagy was also reported to implicate with survival or clearance of various pathogens in host cells ([@A20719R5]). Several previous studies investigated the interaction between Hepatitis B virus (HBV) chronic infection and autophagy ([@A20719R4], [@A20719R6], [@A20719R7]). HBV was discovered to be able to induce autophagy without nutrient starvation and consequently benefit from autophagy activation for its replication ([@A20719R8], [@A20719R9]).

2. Objectives {#sec72808}
=============

In this report, we studied the mechanism by which rapamycin enhances HBV replication and expression by inducing cellular autophagy.

3. Materials and Methods {#sec72818}
========================

3.1. Chemicals and Antibodies {#sec72809}
-----------------------------

Rapamycin and 3-methyladenine (3-MA) were obtained from Sigma-Aldrich (St Louis, USA). Anti-Β-actin antibody (ab3280) was from Abcam (Cambridge, UK). Anti-LC3 antibody was obtained from Cell Signaling Technology (Boston, USA). Anti-p62 was purchased from Santa Cruz Biotechnology (CA, USA); Surface antigen (HBsAg) antibody was obtained from Gene Company Limited (Hong Kong, China).

3.2. Cell Culture and Transfection {#sec72810}
----------------------------------

The hepatocellular carcinoma cell line which stably expressing HBV, HepG2.2.15 was maintained in minimum essential medium (Gibco, USA) containing 10% fetal bovine serum (Hyclone, USA). A final concentration of 200 mg/mL G418 (Gibco, USA) was added to the cell cultures. Transient transfection was performed with pGFP-LC3 plasmids using lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions.

3.3. HBsAg Assays {#sec72811}
-----------------

HBsAg secretion in the culture supernatants of HepG2.2.15 was measured by HBsAg ELISA kit and performed according to the manufacturer\'s instruction (Lizhu, Zhuhai, China). HBsAg levels were shown with the value at the optical density of 450 nm (OD 450) using an automatic microtiter plate reader (Thermo Scientific MultiskanGo, USA). Experiments were performed in triplicate independently from each other.

3.4. Autophagy Assays {#sec72812}
---------------------

For starvation, HepG2.2.15 cell lines were incubated in serum-free Earle's balanced salt solution (EBSS; starvation medium; Invitrogen, USA) for indicated hours. For rapamycin treatment, HepG2.2.15 cell lines were incubated in rapamycin medium for indicated hours and concentrations. Autophagy was measured as follows; briefly, the cells were transfected with pGFP-LC3 and maintained in normal, starvation or rapamycin medium on coverslips, and then the autophagic fluorescence dots, which represent the autophagosome were observed and counted under fluorescence microscope. Cells containing three or more fluorescence dots were defined as autophagy-positive cells. A minimum of 100 GFP-positive cells per sample was counted and these independent experiments were performed for three times. The cellular localization pattern of GFP-LC3 was photographed using a Leica TCS SP2 confocal microscope (Leica, Wetzlar, Germany).

3.5. Western Blot Analysis {#sec72813}
--------------------------

After transfection and treatment, cells were washed with phosphate-buffered saline (PBS) and lysed with 5\* SDS protein loading buffer (100 mM Tris-HCl, pH 6.8, 20% glycerol, 10% mercaptoethanol, 4% SDS and 0.2% bromophenol blue). The cell lysates were centrifuged after boiling for 10 minutes. Supernatants of each sample were loaded to and separated by SDS-PAGE and then transferred to PVDF membranes (Bio-Rad, Hemel Hempstead, USA). The membranes were incubated with the indicated primary antibodies overnight at 4°C after being blocked with 5% non-fat milk for one hour. The membranes were washed with 1 × TBS-Tween and incubated with secondary antibodies (Zhongshan, Shanghai, China). Protein signals were visualized by an enhanced chemiluminescence system (ECL, Biyuntian, and Wuhan, China).

3.6. Transmission Electron Microscopy {#sec72814}
-------------------------------------

Briefly, after transfection with pGFP-LC3 and treatments with rapamycin or starvation, cells were centrifuged and the liquid supernatants were removed. Collected cells were fixed in 2% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature for one hour. The cell pellets were postfixed with 1% Osmium tetroxide for two hours on ice and rinsed three times with distilled water. Next, fixed cell pellets were dehydrated through an ethanol (ETOH) dilution series up to 100% ETOH and immersed in propylene oxide (PO) for two minutes, three times. Pellets were then infiltrated in a 3:1 PO/Eponate resin mixture overnight and then successively embedded in 100% Eponate resin (Ted Pell Inc., Redding, CA, USA) in beam capsules and allowed to harden at 65 ºC in oven overnight, tissue blocks were ultrathin-sectioned at a 70 nm thickness and placed on 300 mesh copper grids after hardening. Grids were counterstained with saturated urinal acetate and lead citrate and then viewed.

3.7. Real Time PCR/RT-PCR Analysis {#sec72815}
----------------------------------

Total RNA was extracted from the cells using Trizol reagent (Invitrogen, USA) and cDNA was synthesized from 1 µg of total RNA using Superscript II reverse transcriptase (Invitrogen, USA) according to the manufacturers\' instructions. HBV DNA in cells was extracted and quantitated with BIO-RAD CFX 96 (BIO-RAD, USA) system using a SyberGreen real time PCR kit (Roche, Switzerland) with the primers 5′-CCTAGTAGTCAGTTATGTCAAC-3′ (forward) and 5′-TCTATAAGCTGGAGGAGTGCGA-3′ (reverse). Concisely, PCR was run with primary denaturing step at 95℃ for 3 minutes, followed by 35 cycles at 94℃ for 15 seconds and annealing at 55ºC for 30 seconds. Data was collected and real-time analysis was performed.

3.8. Southern Blot Analysis {#sec72816}
---------------------------

Intracellular viral nucleocapsid-associated DNA in cells was extracted as described previously ([@A20719R10]), resolved by electrophoresis on a 1% agarose gel, and transferred onto a positively charged nylon membrane. All membranes were hybridized with digoxigenin-labeled HBV probes as reported previously ([@A20719R11]). Hybridization and detection were performed using the DIG high prime DNA labeling and detection starter kit II (Roche, Switzerland) according to the manufacturer's instructions and then detected using chemiluminescence (Roche, Switzerland).

3.9. Statistical Analysis {#sec72817}
-------------------------

Results were presented as means ± standard deviations. Significance of differences was determined by Student's T-test and sum rank test. P \< 0.05 was considered as statistically significant.

4. Results {#sec72823}
==========

4.1. Rapamycin Enhanced HBV Production in HepG2.2.15 {#sec72819}
----------------------------------------------------

HepG2.2.15 cells were used to detect HBV DNA copies and HBsAg release in supernatants ([@A20719R10]). As shown in [Figure 1 A](#fig13941){ref-type="fig"}, HBsAg in supernatants of cells treated with rapamycin increased significantly, with an OD450 value of 6.5; whereas, the level of the control group was only 3.7. To further study the role of rapamycin in HBV replication and expression, intracellular HBV RNA and the HBV DNA copies were detected by real time RT-PCR or PCR. The relative level of HBV mRNA increased to about two fold compared to control group ([Figure 1 B](#fig13941){ref-type="fig"}). Meanwhile, HBV DNA copies increased significantly from 0.82 × 105 to 2.75 × 106 ([Figure 1 C](#fig13941){ref-type="fig"}). The results suggested a specific stimulatory effect of rapamycin on HBV production.

4.2. Time and Dose Effect of Rapamycin on HBsAg Release {#sec72820}
-------------------------------------------------------

To observe the time effect of rapamycin on HBV release, HepG2.2.15 cells were treated with rapamycin for various times, from 0 hour to 36 hours, then the supernatants of cell cultures were collected in dated time points and HBsAg levels were determined. HBsAg in cell cultures increased concomitantly with the prolonged time, reaching climax at 36 hours with a value of 6.2 ([Figure 2 A](#fig13942){ref-type="fig"}). When the treatment time exceeded 36 hours, the concentration of HBsAg began to decrease. Probably because prolonging the treating time more than 36 hours resulted in more cell death, which cancelled the increase of HBsAg secretion. Therefore, we chose 36 hours as the optimal time point and tested various concentrations of rapamycin from 0 nM to 200 nM. The results demonstrated that nearly 60 nM was the optimal concentration ([Figure 2 B](#fig13942){ref-type="fig"}). A higher concentration than 200 nM resulted in a great hazard on cells and decreased HBsAg level ([@A20719R12]).

4.3. Rapamycin Induced Autophagy in HepG2.2.15 {#sec72821}
----------------------------------------------

Rapamycin was reported to induce autophagy by inhibiting mTOR signal ([@A20719R13]-[@A20719R15]). To investigate whether autophagy mechanism plays a key role during the process of activation of HBV by rapamycin, autophagy phenomenon was observed by different methods in HepG2.2.15 cells. Since LC3 modification correlated with its relocalization to autophagy vesicles, the relocalization of LC3 from a diffuse cytoplasmic distribution to distinct punctual has been used as indicator of autophagy activation ([@A20719R16]). Subcellular localization of GFP-LC3 protein was monitored by confocal microscopy. GFP-LC3 redistribution into discrete dots was dramatically increased by starvation or rapamycin treatment; whereas, autophagic vacuoles were hardly observed in the control group ([Figure 3 A](#fig13943){ref-type="fig"}). The percentage of GFP-LC3-positive cells containing green punctate dots in the rapamycin-treated cells was increased almost 3.5-fold compared to the control ([Figure 3 B](#fig13943){ref-type="fig"}). The characteristic ultrastructure of autophagy, double-layer membrane autophagosome, was also observed by transmission electron microscopy in treated HepG2.2.15 ([Figure 3 C](#fig13943){ref-type="fig"}). Microtubule-associated protein-Light-chain 3 (LC3) changed from a free form (LC3-I) to a phosphatidylethanolamine-conjugated form (LC3-II) when autophagy happened. The accumulation of LC3-II is another commonly used marker of autophagy ([@A20719R17]). Rapamycin markedly induced LC3-II expression and reversed the ratios of LC3-I/LC3-II compared to the control by western blot analysis. The level of cytoplastic HBsAg expression was in line with LC3-II expression ([Figure 3 D](#fig13943){ref-type="fig"}, 3E and 3F). These results showed that rapamycin might increase HBsAg expression by activating autophagy. Detection of P62 expression also showed activation of complete autophagic process induced by rapamycin with a significant decrease of P62, compared to control group, similar to the effect of starvation ([Figure 3 G](#fig13943){ref-type="fig"} and [3H](#fig13943){ref-type="fig"}).

4.4. Autophagy Inhibitor Abrogated the Effect of Rapamycin on HBV Production {#sec72822}
----------------------------------------------------------------------------

To test the dependence of autophagy induced by rapamycin on HBV production, HBsAg secretion levels in cells supernatants treated with different drugs were detected by ELISA. Compared to control group, HBsAg level increased by 1.2 fold in cells treated with rapamycin. When the autophagy inhibitor 3-MA was added to the culture, HBsAg level decreased significantly compared to rapamycin group, more than a half, even less than the control group ([Figure 4 A](#fig13944){ref-type="fig"}). Rapamycin treatment resulted in an obvious increase of HBV replication intermediates in HepG2.2.15 cells compared to the control; whereas, 3-MA treatment abrogated the upregulation effect ([Figure 4 B](#fig13944){ref-type="fig"}). With western blot, LC3-II expression decreased nearly by 40% after the cells were treated with 3-MA, concomitant with a reduction of HBsAg expression ([Figure 4 C](#fig13944){ref-type="fig"}). Collectively, these results revealed that rapamycin enhanced HBV replication by activating autophagy in HepG2.2.15, and the effect could be blocked by autophagy inhibitor.

![Rapamycin Increased the Production of HBV in HepG2.2.15\
(A) On 48 hours after the treatment, supernatants of cell cultures were collected and HBsAg was detected by ELISA. (B) On 72 hours after the treatment, HBV RNA was measured by Real-time PCR. (C) On 72 hours after the treatment, HBV DNA was determined by Real-time PCR, HepG2.2.15 Cells Were Treated With or Without Rapamycin (50 nM).](hepatmon-14-10-20719-i001){#fig13941}

![The Time and Dose Effect of Rapamycin on HBsAg Production\
Various concentrations of rapamycin were added into the HepG2.2.15 cells culture and the supernatants of cell cultures were collected at various time points. HBsAg level was assessed by ELISA. (A) Cells were treated with rapamycin (60 nM) and culture mediums were harvested in different time points (0 hour, 8 hours, 12 hours, 24 hours, and 36 hours, 48 hours) to detect HBsAg. (B) Various concentrations of rapamycin were added into the cell cultures and HBsAg levels were detected at 36 hours.](hepatmon-14-10-20719-i002){#fig13942}

![Rapamycin Induced Autophagy Phenomenon in HepG2.2.15\
(A) HepG2.2.15 cells were transfected with pGFP-LC3 and autophagic dots were observed by confocal laser microscopy. (B) Quantitation of the autophagic cells in HepG2.2.15, the cell lines were under treatment of rapamycin of 36 hours, starvation or no treatment (control). (C) Representative electron micrographs of HepG2.2.15 cells under starvation or rapamycin, double membrane organelles and cytoplasmic contain were marked by arrow. (D) HepG2.2.15 cells were treated with rapamycin, starvation or untreated (control) less than 36 hours. The levels of LC3-II and HBsAg protein expression were determined by Western blot analysis. Β-actin expression was examined as a protein loading control. (E) The LC3-II/B-actin ratios were quantified by densitometry analysis using Quantity One software (Bio-Rad). Results represent the mean data from three independent experiments. \*, P \< 0.05 (F) the HBsAg/B-actin ratios was quantified by densitometry analysis using Quantity One software. Results represent the mean data from three independent experiments.\*, P \< 0.05. (G) P62 protein expression was determined by Western blot analysis. (H) The P62/B-actin ratio was quantified by densitometry analysis using Quantity One software. Results represent the mean data from three independent experiments. \*, P \< 0.05.](hepatmon-14-10-20719-i003){#fig13943}

![Autophagy Machinery Is Required to Increase HBV Production Stimulated by Rapamycin\
(A) HepG2.2.15 cells were treated with rapamycin for 36 hours and then added with 3-MA (10 mM). After 12 hours, the supernatants of cell cultures were collected and HBsAg was assessed by ELISA. (B) The amounts of HBV replication intermediates in HepG2.2.15 cells were detected by Southern blot. The positions of HBV relaxed circular (RC) and single-stranded (SS) DNA were indicated. (C) The levels of LC3-II, and HBsAg protein expression were determined by Western blot analysis. (D and E) The LC3-II/B-actin ratios and HBsAg/B-actin ratios were quantified by densitometry analysis using Quantity One software. Results represent the mean data from three independent experiments. \*, P \< 0.05.](hepatmon-14-10-20719-i004){#fig13944}

5. Discussion {#sec72824}
=============

A recent annual nationwide survey confirmed that HBV reactivation related to immunosuppressive therapy is increasing in patients with malignant lymphoma, other hematological malignancies, solid tumors or rheumatologic disease ([@A20719R18]). Immunosuppressive drugs such as corticosteroids or azathioprine can induce HBV reactivation in patients carrying HBsAg or anti-HBc, but much less frequently than chemotherapy treatments ([@A20719R19]). The mechanism by which chemotherapy drugs reactivate HBV has not yet been clearly elucidated. Rapamycin is one of the newer targeted therapies approved for the management of RCC ([@A20719R20]). It is also associated with improved survivals after liver transplantation for HCC. In non-HCC patients, rapamycin lowered their survival rate, showing its beneficial impact for patients with cancer ([@A20719R21]). In Europe, product information for rapamycin warns that patients should be evaluated regarding the risk of HBV reactivation, because it occurred in some patients taking rapamycin ([@A20719R22]). In this study, our results demonstrated that rapamycin could increase HBV production and HBsAg release by inducing autophagy. Autophagy literally means "to eat oneself". It plays an important role in lysomal degradation and recycling long-life proteins. Autophagy is reported to be involved in several pathophysiological conditions such as tumor progression, neurodegenerative disorders and myopathies. It is also regarded as a mechanism of innate immunity against invading pathogens. Although the autophagy pathway is emerging as a component of host defense, some viruses have developed strategies to counteract or even use this antiviral mechanism ([@A20719R23]). A common pathway was shared by several herpes viruses including HSV-1, KSHV and γHV68 to suppress autophagy ([@A20719R24]) and others seem to have coped with the autophagy machinery as proviral host factors to enhance viral replication ([@A20719R23]). Regarding HCV, reported data are conflicting. One report suggested that rapamycin may suppress HCV recurrence measured by PCR in HCV-positive liver transplant recipients ([@A20719R25]). On the opposite side, some researchers argued autophagy contributed to effective production of HCV particles, although with little effect on intracellular production of HCV mRNA and HCV-related proteins ([@A20719R26]). For HBV, recent studies mentioned the importance of autophagy for its production. Two groups reported that autophagy could be induced by HBV and upregulated virus production in certain degree in return ([@A20719R4], [@A20719R12]). One report showed that inhibition of autophagy pathway by 3-MA or siRNA targeting hVps34/ATG7 suppressed the production of HBV DNA ([@A20719R4]). Another report showed that inhibition of autophagy by 3-MA or knockdown of Beclin1 or ATG5 decreased HBV DNA replication, but just a slight inhibitory effect on nucleocapsid-associated DNA level, indicating that 3-MA blocks the release of HBsAg ([@A20719R12]). This gap might be a consequence of different methods or different cell lines used in the research. In our study, rapamycin was found to enhance the production of HBV significantly, including HBV RNA, HBV DNA and HBsAg expression and release. The enhancement was brought out by activation of autophagy, which could be abrogated by autophagy inhibitors such as 3-MA. The autophagic machinery is often used in defense against microbes. It may selectively deliver microorganisms to degradative lysosomes for direct degradation, or deliver microbial nucleic acids and antigens to endo/lysosomal compartments for activation of innate and adaptive immunity, so that clear the invading pathogen by an indirect way. However, some pathogens were reported to have the ability to escape autophagy related degradation; nevertheless, using the mechanism of autophagy to benefit their life cycle. For HBV, autophagy may participate in the envelopment of viral particle, or promote its release from cellular membranes ([@A20719R4], [@A20719R12]). As a result, the life cycle of HBV production is accelerated by autophagy. In summary, our study showed that rapamycin could enhance the release of HBsAg and increase HBV DNA production by activating autophagy. Treatment with 3-MA, HBsAg and HBV DNA levels were decreased markedly. Since patients with chronic HBV complicated with other diseases such as cancer or autoimmune disorders often receive immunosuppressive chemotherapy, clinicians should be aware of HBV reactivation. Surveillance of serum markers of HBV should be considered for those patients in the process of chemotherapy.
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